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anderen als die angegebenen Quellen und Hilfsmittel benutzt habe, dass alle Stellen
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Ilmenau, den 17. November 2015
Kurzfassung
Radioteleskope sind verschiedenartigen Umwelteinflüssen ausgesetzt. Dadurch her-
vorgerufene Verformungen der Reflektoroberfläche verändern deren geometrischen Eigen-
schaften und können die ursprüngliche Position und Form des Brennpunkts verän-
dern. Eine Abweichung dieses Brennpunkt von der Lage der Primärantenne beein-
flusst die Leistungsfähigkeit des Teleskops. Die vorliegende Arbeit zeigt eine Methode
zur theoretischen Abschätzung der Verformung durch das Eigengewicht des Reflek-
tors des INRAS RT–20. Jene nach der Idee des homologen Designs von Hoerners
konstruierten Teleskopen weisen eine Stützstruktur auf, die die Reflektorfläche un-
abhängig vom Elevationswinkel in einer der ursprünglichen Form ähnlichen Gestalt
halten. Somit kann die Verformung durch das Nachführen der Primärantenne aus-
geglichen werden. Grundlage der Untersuchung ist ein vorhandenes Strukturmodell
des RT–20–Teleskops. Zusammen mit den zugehörigen Geometriedaten und Material-
parameten wird ein Finite-Element-Modell erstellt. Für dieses wird ein Belastungsfall
mit dem Eigengewicht für verschiedene Elevationswinkel simuliert. Um die deformierte
Reflektorfläche mathematisch zu beschreiben und den passenden Brennpunkt zu bes-
timmen wird eine parametrisierte Form eines Best-Fit-Paraboloids erörtert. Für die
Ermittlung der Parameter werden drei Optimierungsalgorithmen in Matlab ausge-
führt und miteinander verglichen. Daraus wird die Verschiebung des Brennpunkts (De-
fokussierung) ermittelt und der Bedarf einer Korrekturbewegung für die Primärantenne
abgeschätzt. In einem Entwurfsprozess werden nach den Ideen der VDI2221–Norm
technische Prinzipe für ein Aktuierungssystem entwickelt und bezüglich ausgewählter
Kriterien gegeneinander abgewogen. Als Resultat dieses Bewertungsprozesses wird
eines der Prinzipe erwählt und spezifiziert. Für die spätere Umsetzung werden Kom-
ponenten vorgeschlagen, Bauteile vorbereitend konstruiert und in einer CAD–Software
zu einer funktionierenden Baugruppe zusammengefügt.
Abstract
Radio telescopes are exposed to various environmental conditions. These can pro-
duce deformations of the reflector surface that will have impact on its paraboloidal
characteristics determining the position and shape of the focal point. A misalignment
between the reflector focal point and the radiation–receiving primary antenna influ-
ences the performance of the telescope. The actual work presents a method to estimate
theoretically the dead–weight induced deformation of the reflector surface for the IN-
RAS PUCP RT–20 radio telescope. Such homologous designed telescopes consist of
a backing structure supporting the reflector surface to retain a shape familiar to the
original one and independent of the elevation angle. So it is possible to compensate
the deformation by the adjustment of the primary antenna. The analysis of the defor-
mation is done for an existing structural model of the RT–20. This model is meshed
with the corresponding geometrical and material properties. In a finite–element soft-
ware the load situation due to the telescope’s dead weight is simulated for different
elevation angles. To describe the deformed reflector surface in a mathematical way
an expression for a parametrized best-fitting paraboloid is derived. To determine the
fit-parameters for the discrete point set, three optimization algorithms are executed
in Matlab and their results compared. Based on this, the need of a re-alignment of
the primary antenna is demonstrated. Thereupon a design process for an actuation
system intended for the corrective movement is performed, following the ideas of the
VDI2221–norm. Several mechanical concepts are presented and evaluated in relation
to their suitability for the main needs. Based on this assessment, a parallel–kinematic
mechanism is chosen as the most convenient concept. This is examined in more de-
tail, including a deviation for the inverse kinematics. For this concept, a preliminary
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Symbol / Abbr. Description Unit
di displacement vector of surface node i m
g gravity vector m/s2
K stiffness matrix N/m
vi position vector of a surface node i m
δ displacement in y-direction (axial) m
ǫ surface error m
λ wavelength m
λgr minimum wavelength set by the gravitational limit m
λth minimum wavelength set by the thermal limit m
φx angle around x-axis
◦
φz angle around z-axis
◦
ψ elevation angle ◦
Af projected area normal to the wind 1
B, b width of a framework bar m
Cf net force coefficient 1
D diameter m
Df change of the focal distance m
F force N
f frequency Hz
h coefficient for the focal shift 1
L, l height of a framework bar m
qy dynamical pressure at height y 1
T temperature K
u vertex shift in x-direction m
uF,rot focus shift in x-direction due to rotation around φz m
Nomenclature VII
uF focus shift in x-direction m
uP shift of the primary antenna in x-direction m
v vertex shift in y-direction m
vF,rot focus shift in y-direction due to rotation around φz m
vF focus shift in y-direction m
vP shift of the primary antenna in y-direction m
W weight N
w vertex shift in z-direction m
WB elastic section modulus mm
3
WG gust effect factor 1
xoff offset in x-direction between antenna and focus m
yoff offset in y-direction between antenna and focus m
Abbr. Abbreviation





DOF degree of freedom
FEM Finite-Element Method
INACOM lnvestigación Asistida por Computadora
INRAS Instituto de Radioastronomı́a PUCP
LES Large-Eddy Simulation
PUCP Pontificia Universidad Católica del Perú




SETI Search for Extraterrestrial Intelligence
VDI Verein Deutscher Ingenieure
VIRAC Ventspils International Radio Astronomy Center
VLBI Very Long Baseline Interferometry
CHAPTER 1
Introduction
For thousands of years humans are studying celestial objects. Over the time optical
observations increased the knowledge about them and these remote processes. Then
the invention of optical telescopes enhanced the possibilities for the studies immensely.
More than one hundred years ago, the theory predicted electromagnetic radiation with
frequencies of X-rays and radio waves, emitted by celestial objects. Jansky discov-
ered the first extraterrestrial radio source in the year 1933. The first radio telescope
for exclusively astronomical use was constructed by Reber in the year 1937. Such a
radio telescope uses an antenna and a corresponding receiver to collect and detect ce-
lestial radio signals. The antenna can be assumed as the pendant to the lens or mirror
of an optical telescope. The whole setting of an antenna, the receiver and following
processing units can be referred as radio telescope. The radio astronomy became an
important part of the astronomy because of the long waves. In contrast to optical tele-
scopes, observing the electromechanical spectrum of light, a radio telescope is working
with much lower frequencies. The study of celestial objects emitting radiation requires
the observation of the radio spectrum with a range from 10MHz up to 30GHz, covering
most of the radio sources. Studying the sky at this wavelengths delivers an entire new
perspective, contrary to the experiences from the optical impression. Some objects are
may not visible in the spectrum of light but radiating at radio wavelength. In addition
some objects opaque to light are frequently transparent for radio waves.[CH69][Kra93]
But the major wavelength reduces the amount of detail to see in comparison to opti-
cal telescopes. A radio telescope has to be millions of times bigger, to get the same
resolution. This yields to huge mechanical structures. Since a radio telescope is a
mechatronic structure, its performance depends on both the mechanical and electrical
properties influencing each other. Radio telescopes may be exposed to harsh envi-
ronment conditions like the influences of gravity, wind loads and high temperature
gradients. The antennas need a high precision of the reflector surface. Any departure
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of the reflector from the intended geometrical shape causes fuzziness of the focal point
and reduces the antenna performance significantly. In addition the space and time
coherence of the received wave is disturbed. [WDQ+04]
Over the time there was an increasing need for very large reflectors and a higher sur-
face accuracy at once. Until the 1960s the telescopes were constructed to provide a
sufficient stiffness against the gravity and wind loads. Scaling up the diameter runs
into structural or rather mechanical limitations, since . In the year 1967 von Ho-
erner presented his idea of the homologous design. Such a design allows the reflector
backing structure to deform significantly. But due to its construction it transforms
from the original shape into a familiar one. So a paraboloid of revolution retains in a
paraboloidal shape, but possibly changing the focal distance as well as the position and
orientation in space. So if it is possible to predict the deformations by measurements
or simulations, a mathematical description of the reflector surface and the position of
the focus can be found. Since the location of the new focal point is known, an adjust-
ment of the primary antenna can refocus the telescope to minimize the gain loss of the
telescope.[Hoe67a][Baa07]
The Institute for Radio Astronomy INRAS, located in Lima, was founded in the year
2009. The first main project was the construction of a world class radio telescope with
an aperture-diameter of 20m called RT-20. The fully steerable telescope is intended to
cover a frequency range from 327MHz up to 15GHz. Located in Peru, in the southern
hemisphere and with a long distance to other radio telescopes it will offer a significant
contribution to Very Long Baseline Interferometry (VLBI), studies of active and nor-
mal galaxies, mapping and observation of radio sources, satellite tracking and other
investigations. In addition it is intended to provide international collaboration with
other projects like SETI (Seach for Extraterrestrial Intelligence). [HFA+14][FHY+13]
To be a high–precision instrument the radio telescope RT–20 has to provide an ex-
ceeding surface accuracy and the best possible antenna performance. To offer a well-
focussed telescope with a minimum gain loss, it was constructed following the ideas and
methods of the homologous design. This work analyses the often specific approaches
for the construction of several radio telescopes and transfers this knowledge to the
RT–20. It covers the simulative prediction and estimation of the expected reflector de-
formations. Based on this it will implement a mathematical description of the reflector
geometry and a method to determine a possible shift of the focal point. Pursued by
the idea of the simple compensation of the focal shift, an actuation system for the
primary antenna will be discussed and worked out.
CHAPTER 2
State of the art for the focal point correction
of homologous designed radio telescopes
2.1 Mechanical design of steerable radio telescopes
2.1.1 General construction
Figure 2.1 shows the radio telescope of the Max Planck institute for radio astronomy
in Effelsberg. Its development started in the 1960’s and is a typical representative of
modern telescopes following the homologous design method by Hoerner [Hoe67a].
The mechanical system of a radio telescope basically consists of an antenna feed and
a reflector surface. The reflecting surface exists in various shapes and sizes depending
on the intended applications. Besides some small telescopes with a reflector diameter
of only a few meters, other ones use a reflector beyond 100m. Most of the radio
telescopes have an axially symmetric reflector [IJ07]. [CH69] states, that the most
common shape is a paraboloid. It is formed by the rotation of a parabola around its
vertical axis (say y-axis). Every cross section parallel to this axis delivers a parabola.
The paraboloid of revolution is a special type of the elliptical one with the expression
over the x-z-plane
y = a(x2 + z2) (2.1)
The lowest point of the paraboloid and the origin of coordinates for equation (2.1)
is called vertex. The rim of the reflector dish forms a plane parallel to the x-z-plane
which is called aperture plane. [BHL+08][CH69]
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Figure 2.1: Radio telescope Effelsberg1
A parabola, or in the three-dimensional case a paraboloid, is defined through a simple
relation (see figure 2.2). For a parabola there exists a line perpendicular to the vertical
axis with a point Q on it. This line crosses the vertical line at a point F . Then there
could be any line parallel to the vertical axis crossing Q and a point P on the parabola.
The sum of the length of this line and the distance from point P to F is constant.
[Bal05] summarizes
QP + PF = constant = 2f (2.2)
With this simple geometric construction and following Huygens’ principle, it could
be shown that incoming electromagnetic radiation as a plane wave always will converge
in one focal point. This is located in the front face of the paraboloid. Every incoming
bundle of rays parallel to the y-axis passes at first the aperture plane. Thereupon it
reflects on the surface with an angle of incidence depending on the radius r from the
y-axis. Then the radiation converges as a spherical wave towards the focal point. The
intensities of the beams will sum up in this single point. The same characteristic could
be described for the reciprocal direction: A source spreads a wave front in concentric
spheres around the focal point. They impinge on the reflector plane and the surface
reflects them. The paraboloidal dish then emerges the rays as parallel beams. This
could be described as the feed ”illuminates” the reflector plane. [CH69][Bal05][Baa07]
1”Effelsberg total2” by Dr. Schorsch - photo taken by Dr. Schorsch. Licensed under CC BY-
SA 3.0 via Commons - https://commons.wikimedia.org/wiki/File:Effelsberg_total2.jpg#
/media/File:Effelsberg_total2.jpg, 29.09.2015






Figure 2.2: Definition of a parabola (similar to [Baa07])
The parameter a in the equation (2.1) is a measure for the curvature of the paraboloid





as the corresponding point of focus on the vertical axis. The covered distance from the
focal point to the aperture plane is called the path length and is constant for every
beam.[BHL+08][CH69]
Antenna feed
In the focal point, a feed antenna absorbs the radiation. This is a device for receiving
energy from the reflector. In this terms, the reflector is often referred as the secondary
antenna while the receiving unit is the primary feed. Most of the radio telescopes are
equipped with a pyramidal/conical horn or a dipole feed antenna. The feed antenna
has to illuminate the whole reflector structure with a suitable (in ideal case uniform)
distribution in phase and amplitude. It should not illuminate anything other than the
reflector e.g. behind the rim. This is also called spillover and should be avoided. In
such a case, it collects unwanted radio sources from the ground and sky to interfere
with the intended radiation. [CH69][Bir11]
The primary feed is constructed to suit the secondary antenna. The intended appli-
cation of the radio telescope dictates the type of the feed. There is a wide variety of
antennas depending on objects like the frequency, bandwidth and polarization. An
often used feed type are conical horns. Usually a horn is equipped with corrugations
or ridges to meet the characteristics of the electro-magnetic radiation pattern. The
size is determined by the frequency to measure. A lower frequency requires a bigger
mechanical feed horn. Its design also depends on the ratio of focal length to diameter
f/D. The aperture illumination as well as unwanted spillovers or a defocus are functions
of this ratio. [IJ07][Imb11]
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Support structure for the antenna feed
The support structure has to maintain a constant distance between the reflector surface
and the primary antenna. The feed antenna of a front fed reflector is located directly
in the path of the incoming rays. Hence itself and its support structure will shadow
the reflector and produce unwanted scattering effects. Particularly the region of the
strongest energy response in the middle of the reflector dish will be blocked. Normally
the feed is supported by one up to four legs mounted on the backing structure of the
reflector. These legs should be as small as possible to minimize the influence on the
illumination and therewith the efficiency of the whole antenna. [CH69][RS07]
A possibility to avoid the blockage and scattering in the vertex region of the secondary
antenna is an offset reflector. This is a non-symmetrical paraboloid with a focal point
in a region of the aperture plane with a weaker field.[IJ07][Bir11]
The reflecting surface
An important characteristic of a radio telescope is the number of reflecting surfaces.
A very fundamental design is the described parabolic reflector with the antenna feed
located in the single focal point. This front–fed configuration is also referred as a
prime-focus or single-aperture telescope. With a great reflector surface this is a con-
venient construction for large wavelengths in order to avoid major diffraction effects.
For higher frequencies a dual–reflector design could be used. In this case a secondary
reflector is located contrary in the path of rays between the original antenna feed and
the reflector. This dual reflector systems come in two popular types in analogy to
their optical pendants called Cassegrain and Gregorian telescope designs. Both keep
their original reflector with a paraboloidal shape – now referred as primary. But the
Cassegrain comes with a hyperboloidal and the Gregorian with an elliptical secondary
reflector. For both, the incoming wave front reflects at first on the primary reflector
and converges towards the surface of the second one. The new focal point is located
in the region of the vertex point of the primary reflector. [IJ07][Bal05][Baa07]
In such a system the feed antenna and the electrical equipment can be placed behind
the primary reflector. This is a great advantage because the heavy and bulky appa-
ratus of the feed can be placed close to the strong backing structure. This implies a
lower blockage in comparison to a single–reflector system. In addition the transmission
line from and to the receiver is shorter than the way along the support stand. An ad-
ditional electrical noise or a loss in the transmission wires may not be tolerable.[Bal05]
In contrast to the restriction for the primary feed, the reflector is normally suitable for
a big range of wavelengths. The reflecting surface of a radio telescope is typically made
out of metal (steel or aluminium) layers. The thickness of the panel is less important
because of the small penetration depth of the incoming radiation. Hence it is mostly
determined by the demanded mechanical stability. Usually the metal cover is formed
by separate panels. A common solution is to mount them radial around the centre of
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the paraboloid (vertex point). [CH69][BGS02][Bir11]
The reflector panels are mounted upon the backing structure. Hence, this support has
to maintain the paraboloidal shape of the attached panels. Some telescopes like the
Effelsberg Radio Telescope or the one in Green Bank are equipped with small linear
actuators on the four corners of every surface panel. They are used to uphold the in-
tended reflector shape and correct it in case of unwanted deviations. A common name
for this is active surface. This is an exclusive infrastructure only used in a few tele-
scope because of the expense. Other telescope mount the panels by screws to maintain
an intended distance between the backing structure and the surface panels. They are
adjustable by hand.[Kit90][IJ07][BGS02]
Actuation for the movement in azimuth and elevation
It is a common request to take into account an articulation of the telescope. In practice
the antenna can be tiltable and rotatable so that its axis is able to point in any desired
direction in the sky. The tilt from the horizon to the zenith is called elevation movement
while the rotation around the vertical axis is referred as the azimuth direction.[CH69]
[Gaw04] assumes the movements as normally independent. Hence, they are considered
as two single axis systems. [Kit90] presents various types of configurations of the actu-
ation and mounts for the antenna itself. A typical system moves the whole telescope
set–up in azimuth relative to the ground. On the top of the support stand a mechanism
rotates the reflector dish with its component around a horizontal axis.[Kit90]
2.1.2 The INRAS RT-20 radio telescope
Figure 2.3: Backing structure and support stand of the INRAS RT-20 radio telescope
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The mechanical part of the INRAS RT-20 radio telescope consists in general of a
parabolic reflector, its supporting structure and the feed tripod. It is a front fed
















The diameter of the reflector surface is designed with 20m. With the focal distance
from equation (2.4), it will have a focal ratio f/D = 0.363.
Figure 2.3 shows the backing structure of the reflector dish. At this time the reflector
surface has no final design yet. It is intended to lie upon the backing structure con-
sisting of several trapezoidal–shaped panels. Every panel is attached to the reflector
framework by adjustment screws as spacing elements. There will be in minimum four
supports in every corner. They assure a proper mounting on the truss work. Further-
more it will be possible to set up the position of the surface panels by adjustment of
the screws.
The antenna is able to perform an azimuthal movement around the vertical axis. The
elevation angle goes from 10◦ to 95◦ as measured from the horizon and up. Most of
the time the radio telescope will target at an angle of 55◦ to the sky.
The RT–20 will have a changeable antenna feed. There are several primary antennas
with a variety in size and weight depending on the wavelength to measure. Today there
are two sizes of feed horns and a dipole plate. One of the horns is designed for the use
with a frequency of 10.65GHz and the other for 1420MHz. For the exchangeability
this equipment should be easily accessible for a human. The tripod will be attached
on two hinges on the lower two legs and a detachable connection on the upper one.
With a mechanism of a motor and appendant gears it will be possible to lower down
the tripod to access the feed horn.[HFA+14]
2.1.3 The surface accuracy as a measure for the antenna
performance
The electrical performance of radio telescopes depends substantially on the surface
accuracy. There are both systematic and random sources of imperfections. Some
occur during production and installation of the surface panels. They may depart
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from the ideal shape due to their mounting on discrete support points on the back-
ing structure. This could force the panels into a plane or any other form instead of
their intended curved profile. Other errors arise from environmental influences dur-
ing the operation of the radio telescope. Deviations from the ideal shape result in
a change of the path length and thereby cause variations of the phase characteris-
tic of the waves. This ends in a loss in power at the primary feed. Hence, the
reflecting surface should not depart significantly from its ideal paraboloidal shape.
Even small aberrations from the ideal shape could reduce the antenna performance
significantly.[Kit90][Lev94][CH69][UJJ+11]
The standard article concerning the gain loss as a function of the surface accuracy
is written by Ruze in the year 1966 [Ruz66]. He assumes mostly random surface
deviations due to environmental influences like gravity, wind and temperature. Bird
summarizes in [Bir11] his derivation for the gain as
G = G0e
−(4πǫ/λ)2 (2.6)
G0 denominates the gain of the undistorted reflector. ǫ is the root-mean-square error
of the surface and λ the wavelength. Hence for a given wavelength but an increasing
RMS error (RMSE) the antenna gain reduces.[Ruz66]
[CH69] found that the surface error ǫ corresponds to the maximum allowed phase error





with λmin as the minimum wavelength to work with. A radio telescope is intended to
work with a specific wavelength. Thus equation (2.7) sets a demand on the maximum
tolerable surface deviation. With equation (2.6) and an assumed surface accuracy from
(2.7), the antenna efficiency is ≈ 67%.[BGS02]
Ruze [Ruz66] assumes that the surface deviations δi for any discrete point i are val-
ues with a Gaussian distribution. For this case [KCC87] argues that the mean of
the measured values is zero and so the standard deviation is equal to the root mean
square. Following [BHL+08], the standard deviation or rather the root-mean-square is











The root-mean-square error describes the deviation δi of a discrete point set from
another. Thus it is a convenient way to express the error ǫ between an ideal surface
and a deformed one with the aid of a set of discrete sampling points with the deviation
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The deviation δi is defined and treated differently in the literature. Sometimes it is
used to express the path length error [KCC87][Kat70]. Other publications use the
deviation in the axial direction like in [WD07].
2.2 Deforming environmental influences and their
estimation
2.2.1 Natural limitations to the reflector design
In the year 1967, von Hoerner proposed in [Hoe67a, Hoe67b] three natural limits
for the diameter of the reflector and the shortest wavelength to observe. Due to the
stress limit it is not possible to built infinitely high structures. A limit is reached
when the weight of the structure induces a pressure equal to the maximum stress in
the material. Assuming S as the maximum allowed stress of the material, ρ as the
density and a γ as the geometrical shape factor, the maximum height of the structure
is h0 = γS/ρ. This is the compression of a structure under its own weight. [Hoe67b]
suggests a stress limit for the diameter of a steerable telescope of
D ≤ Dst = 600m (2.10)
The thermal limit restricts the minimum wavelength for the reflector. Due to a gradient
in temperature, parts of the reflector structure will elongate through thermal extension.
This leads to a deflection of the whole structure and therefore to a loss in surface
accuracy. [Hoe67b] proposes a critical minimum wavelength as




The possibility to tilt a reflector structure with a given dead weight causes the gravita-
tional limit. The deflection of the surface sets a restraint to the minimum wavelength
as [Hoe67b] predicted with






The resistance to deformation increases with the square of the size while the weight
grows with the third power.[HW75]
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All three limits arise from deformations of the reflector structure. A free-standing
telescope is exposed to gravitational and wind forces as well as differential thermal ex-
pansion. As the gravitational deformations are the largest effects a suitable structural
design may allow to reduce them.[BGS02]
2.2.2 Gravitational influence on the reflector structure
The described stress limit in section 2.2.1 restricts the diameter of a radio telescope
to about 600m. Especially for tiltable telescopes the gravitational limit is reached
much earlier. [BGS02] assumes this restriction to be the main environmental influ-
ence. Tiltable radio telescopes are exposed to recurring changes in the direction of
gravity forces. Since the construction is designed with a finite stiffness, it will deform
under its dead weight.[HW75]
Kitsuregawa [Kit90] claims three main modes of dead weight deformation:
❼ those causing displacement and rotation of the reflector relative to a fixed coor-
dinate system
❼ those causing change of the focal length of the reflector






Figure 2.4: Components of gravity acting on a reflector assembly with W as the dead
weight and ψ as the elevation angle [Kit90]
While the antenna is rotating around the elevation axis the direction of the force due
gravity changes. The force is a function of the elevation angle ψ. [Kit90] splits the
acting dead weight into the axial and the radial load:
Fx = −W cos(ψ) (2.13)
Fy = −W sin(ψ) (2.14)
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For the static analysis it is assumed that the distortion of the reflector assembly is
linear.[WD07] Expecting this, the displacement of the structure nodes is proportional
to the gravity loading. [HW75] shows with Hooke’s law that




















where ∆y is the displacement vector parallel to the optical axis of the discrete node
points in the reflector structure. K is the matrix of the stiffness containing information
about the distribution of elements, the shape size, the position in space, the type of
material and other conditions. F is the force vector in the direction of gravity with
F = Fx + Fy
= W cos(ψ) +W sin(ψ) (2.17)
containing the two components from the equations (2.13) and (2.14). [HW75] [WD07]
The deformation vectors δ0 and δ90 for the face-side (elevation ψ = 90
◦) and the face-
up (elevation ψ = 90◦) situations are constant. δ0 is the deformation vector normal
to the surface when the gravitation is applied in the direction −x. Accordingly δ90
is the deformation vector for a gravity load applied in −y-direction. Because of the
assumed linear behaviour, it is possible to determine any intermediate state between
them. [HW75] [WD07] The deformation vector as a function of elevation angle ψ can
be derived by superposition as
δ(ψ) = δ0 cosψ + δ90 sinψ (2.18)
A possibility to handle the dead weight deflection was introduced by von Hoerner
in the year 1967. His method is called homology design and will be described in section
2.3.1.
2.2.3 Wind forces on the reflector structure
[Kit90] refers to three sets of wind conditions for a radio telescope: operational wind
velocity, steerable wind velocity and survival wind velocity. Up to the operational
velocity the antenna meets the required performance specifications. To avoid operating
under a higher wind velocity, normally a statistical long-term wind analysis would be
done to provide a reasonable availability of the radio telescope. In case of a high
wind velocity the telescope could be driven to a rest position and may be locked. For
a exceptionally higher wind velocity the antenna would be driven into the minimum
stress position, at zenith.[Kit90]
[FHY+13] calculates the wind load for the INRAS RT-20 based on the norm ”ASCE 7
- Minimum design loads for buildings and other structures, 2006” [ASC06]. [FHY+13]
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concerns about the mechanical resistance to environmental loads. Hence, it contains an
approach to determine an overall maximum wind force on the reflector dish and aims
at proving the mechanical stability of the telescope construction. [FHY+13] uses the
equation for wind loads on open buildings from [ASC06]. With a dynamical pressure
qz, the gust effect factor WG, net force coefficients Cf (see [ASC06]) and Af as the
projected area normal to the wind, the wind force can be expressed as
F = qzWGCfAf (2.19)
The dynamical pressure qz is calculated in [FHY
+13] with the specific environmental
conditions for the city of Lima. With equation (2.19) a single value for the wind load
of the RT-20 can be found. This force applies on the bars of the reflector backing
structure.
[VSA04],[UJJ12a] and [UJJ13] describe a straight numerical way. To study the influ-
ence of wind forces on the reflector of the VIRAC RT-32 finite element simulations on
a simplified geometry are used. This work uses the reflector surface as a model for
the Computational-Fluid-Dynamic (CFD) simulation and a beam-based model of the
backing structure for the calculation of the wind induced deformations. The reflector
surface is modelled as a finite volume divided in rectangular parts. It will be exposed
to a wind flow as a compressive load.[UJJ12a]
[UJJ12a] expects a turbulent flow around the radio telescope because of the dimen-
sions of the antenna and the wind speed. Therefore only turbulence models like the
Reynolds Averaged Navier-Stokes (RANS) and the Large-Eddy Simulations (LES) are
used.
The wind induced deformation depends on the direction of the wind. Therefore
[UJJ12a] studies various situations while changing the elevation angle as well as the
wind direction. The calculations of [UJJ12a] show that the wind induced deformations
are small in comparison to the gravitational load.
2.2.4 Thermal influences on the reflector surface
Beyond the gravitational limit, an important problem for the operation of a radio tele-
scope is the temperature. A large antenna normally is built in the open. Through
sunlight and the corresponding shadow, a temperature gradient ∆T arises. It is in-
dependent from the reflector diameter but it induces deflection as a function of the
diameter D. The deflections will increase linearly with a growing D. A comparison of
the gravitational limitation from equation (2.12) and the thermal restriction of (2.11)
shows the changing importance of both as a function of the diameter. For smaller
antennas the thermal restriction demands a higher wavelength than the gravity limit.
With increasing diameter the gravitational influence produces more effect. For the
given values the turn-over is reached for a diameter of approximately 30m. [Hoe67a]
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[BSGN04]
The deflection due to an absolute temperature of a panel made of one material is very
small. [HEH89] found a variation of 4µm for a temperature change of 20K. Much
more potent is a heat gradient. [HEH89]
As the temperature is induced through sunlight the effect is negligible at night or on
cloudy days. Furthermore even on sunny days a reflecting paint at the surface panels
could reduce the thermal gradient. [Hoe67a] found for Green Bank, West Virginia a
difference of the temperature between the metal surface in sunshine and the backing
structure in the shadow of 8K. A common value for the temperature gradient is as-
sumed to ∆T = 5K. The temperature and so the influences are changing very slowly
in comparison with wind or gravitational forces.[Baa07]
A radome or something similar is a possibility to protect the reflector surface from solar
influence. The James Clerk Maxwell Telescope [HEH89] uses a housing to keep the air
temperature from increasing too much. The outside of the building is painted white
and the inside surface as well as the structure of the telescope is covered with metal
reducing the thermal radiation. With this arrangements [HEH89] measures variations
under 1 ◦C.
2.2.5 Estimation of reflector deformation by finite element
methods
A method to determine surface deviations due to dead weight was suggested in section
2.2.2 and will be continued in 2.3.1. Assuming the linearity of the gravity deformation,
this principle of superposition delivers a proper solution. This was the first finite ele-
ment solution for that problem invented by Hoerner for his homology design method
[Hoe67a].
Much more often a solution with a ready for use FEM-software can be found. [WD07]
compares both superposition and the solution of a structural analysis using the FEM-
Software ANSYS. The software uses a structural model to represent the physical and
mechanical characteristics of the telescope structure. Information about the dead
weight or rather the gravity, wind and thermal loads are inputs of the software. The
software solves the mechanical problem in a numerical way for a given load situation
on the mechanical model. The simulation delivers corresponding displacement vectors
(or maybe forces) of discrete points in the structure. Often, the resulting deformed
structure shape can be displayed in the software environment directly.[Kit90][Baa07]
Often, only the reflector backing structure or some parts directly attached to this
(like the surface panels or a counterweight) are imported to the FEM model (compare
[WD07][Kit90][BSGN04] and others.) The truss work structure of the telescope can
be modelled as beam elements with a defined geometry and mechanical properties
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2.2.6 Estimation of reflector deformation by measurements
A very common method to determine the deformation of the reflector surface are mea-
surements on the real telescope. The methods use the information about displacements
of discrete points upon the reflector surface. This can be done by optical telemetry.
Objects to measure are angles as well as ranges depending on the applied method.
[ZZY+12] describes an angle metrology system for the 65m-Nanjing-telescope with an
active surface. Their method uses a laser in combination with photosensitive CCD
camera sensors.
[BBI02] is pointing with a theodolite at 367 small tape targets on the reflector surface.
They are spread radial all around the paraboloid. The measuring instrument is placed
in the vertex of the paraboloidal dish. From this position the theodolite measures both
distances and angles to every target point on the reflector.
Another example are photogrammetric measurements like in [Sub05]. The Cassegrain
system of the Australia Telescope Compact Array was measured by photographies of
reflective targets of the reflector surface.
Beside them, there are other methods like the interferometric approach of a radio
holography measurement (compare [KL13] and [LAMV04]).
2.3 Compensation of recurring reflector surface
deformations
2.3.1 Surpassing the gravitational limit using the homologous
design method
There is a trade-off to solve in the design phase of a reflector. To capture most of the
feed energy, a reflector ought to have an aperture plane as large as possible. On the
other hand, the size is limited by mechanics because of the deflection under its own
weight. The first radio telescopes until the 1960s are designed to provide a sufficient
stiffness against any deformation. Their rigidity was intended to assure an invariable
shape of the reflector surface independent from external influences. This approach is
implementable until a critical size of the reflector diameter (compare section 2.2.2).
Only an ideal antenna provides infinite stiffness. The increase of size and simultane-
ously the demand on a high surface accuracy were provoking a limit in economical and
technical regards.[Baa07]
[Hoe67a] proposes four possibilities to pass by this gravitational limit:
❼ use a fixed elevation transit telescope
❼ motors in the surface panels to remediate the deformations
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❼ counterweights with levers like in optical telescopes to annihilate deformations
❼ allowing those deformations that do not reduce the electric performance
All of them were applied in several telescope designs. But [Hoe67a] prefers the last
one as the most natural one. The construction will be allowed to deform under its own
weight as a function of the elevation angle. But for any direction of the gravity vector
the reflector dish will transform conformally from one surface shape to another one of
the same type. Hence, a reflector with a parabolic cross section will always retain in
a paraboloidal shape. This characteristic is called homologous deformation. For such
deflections only the focal length and the position in space will change. The parameters
to describe the homologous deformed paraboloid are also called homology parameters.
[Hoe67a]
The homology design method was developed by von Hoerner in the year 1967
[Hoe67a]. The former radio telescope used a conventional truss work design consisting
of a main frame made by heavy square boxes with a higher stiffness than the rest.
Such a structure deforms in a non-uniform way. For the method of von Hoerner
this is an unwanted behaviour. An homologous deformation requires an equal stiffness
of each surface point. [Hoe67a] notes that its reasonable to change hard points into
soft ones and obtain an overall ”softness”. This can be provided in a structure where
the way from each point of the surface to the next bearing has the same length. An
homologous deformation can be demanded for any number n of points. Then n should






where λgr is the critical wave length due to gravitational deformations (see also section
2.2.2).
The constraint of equal distances and high symmetry (compare [HEH89]) gives the
geometrical input for the approach described by von Hoerner in [Hoe67b]. There-
upon, he derives an algorithm to calculate suitable bar areas for the reflector backing
structure to obtain an homologous design. The method uses the ideas of the grav-
itational deformation shown in section 2.2.2. The assumption of linearity gives two
deformation vectors δ0 and δ90 for the face-down and face-up position of the reflector
dish. With the equation (2.15) derived from Hooke’s law, they contain the informa-
tion about stiffness and geometry (the force F implies the gravity vector as well as the














as the deviation from homology. The variables δ0,i and δ90,i represent the difference
between the deformed surface point i and the corresponding point on the best fitting
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paraboloid of revolution:
δ0,i = ∆y0,i −∆yb,i (2.22)
δ90,i = ∆y90,i −∆yb,i (2.23)
The method now searches for beam areas to minimize the deviation ∆H. Equation
(2.21) needs initial values for all bar areas. These are estimated by assuming a structure
that withstands the fundamental survival conditions. All bar areas change simultane-
ously at each iteration step.[Hoe67b]
2.3.2 Determining a geometrical description for the distorted
reflector surface
Identification and parameters for a best fitting surface function
With the applied loads like gravity, wind and a temperature gradient, the reflector
surface will not be identical to the theoretical design. It will be deflected and changed
in its shape. An analysis of the reflector distortion allows an estimation of the achiev-
able surface accuracy and therewith a prediction of the feasible antenna performance
(compare section 2.1.3). Furthermore, the examination of the deformed reflector dish
could deliver a geometrical description of the actual surface. Then, a mathematical
function allows a prevision of the expected relative shift between the focal point of
the new distorted paraboloid and the position of the primary feed antenna. While
the most common type of reflector shapes is the axial symmetric paraboloid (compare
[IJ07]), this section will treat the identification of a best fitting paraboloidal function.
A paraboloid in space is defined by six parameters. [Baa07] proposes to extract the
information about the paraboloidal shape of the deformed reflector from the FEM-data.
The FEM delivers a data set of cartesian coordinates in a three-dimensional space
for the reflector. For this point cloud, it may be possible to determine the location
and orientation of a paraboloid that fits best. Six parameters could characterize a
paraboloidal plane:
❼ 3 cartesian coordinates of the reflector vertex (x,y,z)
❼ 2 angles for the rotation around the x- and y-axis (φx, φy)
❼ the focal length f
The usual approach for finding the best fitting paraboloid consists of the determination
of these 6 parameters. It is not required that the shape of these parameters would fit
the data set of coordinates perfectly while this is an approximation. There may be
a residual fitting error. The parameters can be found by minimizing the rms surface
error of the path length or the deviation in the vertical y-direction (2.9).[WDQ+04]
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Approximation of the best fitting function
The method of finding a best fitting function respectively a paraboloid for the reflector
uses discrete nodes distributed over the surface. Over these sampling points a function
has to be found that fits every node as much as possible. The displacement of each node
is divided in two parts: one is the rigid motion described in the previous section 2.3.2.
The other is the residual deviation of all nodes from the new function.[WDQ+04] As the
deformed surface is close to an ideal parabolic shape for every deformation, there is a
paraboloid that fits best. From the idea of the root-mean-square error as a description







as the deviation of the actual (deformed) surface from a best fitting paraboloid. ∆y
indicates the displacement vector in y-direction. ∆yb refers to the corresponding y-
value of the best-fit paraboloid.[Hoe67b][HW75]
The best-fit-paraboloid can be found by minimizing the surface error ǫψ. [WD07] and
others use this least-square method to fit a paraboloid with six parameters. A usual
form is the interpretation of the reflector-function as a paraboloid shifted and rotated
in space with a change in the focal length. [WD07] assumes
y∗i = yi −
xi
2f
u+ v − zi
2f




as a suitable equation to determine the points of the new paraboloid (with vertical
axis value y∗i ) based on the theoretical (undeformed) surface (yi-values). [WD07] uses
u,v,w as the variables for the translational shift of the vertex. φx and φz are the angles
to express the rotation around the correspondent axes. The parameter h stands for
the focal shift.
CHAPTER 3
Task specification and requirements
The object of this thesis is to create a design for a mechatronic actuator to adjust the
primary antenna of the INRAS RT-20 radio telescope. This actuator should help to
compensate a misalignment between the focal point of the reflector surface and the
actual position of the primary antenna due to deformations of the reflector structure.
The literature offers a wide range of approaches and methods for the analysis of various
types of reflector deformations. These are mostly specific solution for individual radio
telescopes. Hence the actual work has to clear the way for a suitable analysis of the
surrounding conditions for the RT-20. At first it is necessary to get informations about
the expected deformations. The main influence to analyse is the deformation due to
gravitational impact. Other environmental influences like wind loads and deflections
caused by thermal expansion of the materials will not be subject of the examination.
The wind forces are expected to be small at the designated site. Furthermore the
absence of a final design of the reflector surface allows no suitable simulation of neither
the wind load nor the temperature induced deformations.
The expected deformations of the telescope affect the structure and the surface of the
reflector construction. A possibility to estimate the induced deformations is a compu-
tational numerical analysis. A model of the telescope structures or parts of it will be
set into a FE-(Finite Element)-simulation software. The software is able to compute
the reactions to induced forces of a given mechanical structure with known geometry
and material properties in a numerical way. The result of this simulation is the infor-
mation about the deformed structure model. The actual work requires the information
about the displacement of discrete points forming the reflector surface.







Export point cloud of
surface nodes to Matlab




using the RMS error
Figure 3.1: Software sequence for the deformation analysis
An important idea during the process of construction of the RT-20 radio telescope was
the homologous design. This concept refers to an uniform deformation of the reflec-
tor backing structure. It allows a transformation of the reflector surface but always
preserving its paraboloidal shape. So even the distorted reflector surface is assumed
to be a paraboloid. That means at the same times the reflector keeps a focal point
even though its position may have changed. This is the basic requirement to be able to
refocus the telescope. With the knowledge of the characteristics of the new paraboloid,
it is possible to calculate the position of the new focal point.
The necessary result of the simulation process is a data set of coordinates in space form-
ing the reflector surface. Assuming a homologous deformation there exists a paraboloid
that best fits this point cloud. The calculation of this could be done determining the
paraboloid with the smallest root-mean-square error to the coordinates of the simu-
lation data set. For the identified paraboloid the corresponding focal point can be
computed.
The anticipated software-related workflow is shown in figure 3.1. Entering the sequence
the complete CAD-Model is expected. The last step of the process is designated to
deliver a mathematical description of the actual paraboloid and therewith the location
of the new focal point.
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The second part of the thesis consists of the design process of the feed actuator itself.
The functional requirements are given through the usage purposes of the future radio
telescope. The environmental conditions have to be evaluated and analysed. For a
proper mechatronical design process, different suitable solutions (also particular solu-
tions) have to be developed and evaluated. At the end one concept will be elected for
further work.
CHAPTER 4
Determination of the focal shift for the
INRAS RT-20
4.1 Simulation of deformations for the reflector
structure with FE-Software ANSYS
4.1.1 Modelling of the telescope structure
The original design of the RT–20 telescope structure was done in the institute for ra-
dio astronomy by Heraud and then structurally calculated by Zegarra of the civil
engineering department. The final structural model was contracted with the INACOM
group of the PUCP Lima [FHY+13]. The model of the telescope (figure 4.1) includes
the support stand and the reflector structure with tripod as well as the counter weight
and actuators to perform the azimuth- and elevation-movements.
This model is the basis for the finite-element analysis of the deformation. The simula-
tions are intended to obtain information about the deformation of the reflector surface
with respect to its backing structure. Therefore the simulations have to affect in par-
ticular this part of the telescope. To simplify the simulation model, the support stand
is assumed to be a fixed fundament without any deformation due to wind loads, tem-
perature gradients or dead weight. Hence the lower part (the support stand) could be
neglected, as long as it does not affect the behaviour of the reflector structure itself. In
this case the antenna backing structure can be treated as detached and the suspension
will be replaced by a fixation to the base on the original mounting points.
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Figure 4.1: AutoDesk Inventor Model of the frame work for the radio telescope (with
support stand, antenna backing structure and tripod)
The calculation in ANSYS is a structural analysis. This type of simulation is working
with a line model for the description of the geometry. For a proper input into the
simulation software the CAD–model from figure 4.1 is converted into a line model out
of keypoints and lines like in figure 4.2.[MG07]
The model needs to have a fixation to the ground. In this model the support stand is
already omitted. The backing structure was attached to the support stand via its frame
bars. In the line model these bars were converted into two-dimensional lines. Hence
the former mounting bars persist in form of the line arrangement in figure 4.3b. AN-
SYS provides the possibility to declare some elements as fixed to the ground restricted
to neither a translational nor a rotational displacement. Thus the former mounting
parts will be declared as base elements.[MG07]
The line model of the reflector backing structure is split into two parts. The inner core
is designed with different framework bars as the reflector plate. Additionally the model
contains the tripod for the antenna feed. It does not include the reflector surface with
its aluminium panels.
Geometric properties of the frame work bars
The lines of the framework can be meshed with uni-axial beam-elements. These ele-
ments are able to represent a suitable behaviour to compression and tension as well
as bending stress. The element connects two nodes and permits a DOF of three at
every node: two translations and one rotation. For the present structure, BEAM188–
elements are used. This type allows to define an arbitrary cross section for a beam
bar. are Two types of profile sections were used in the whole structure. The core is








                                                                                
Figure 4.2: Reflector backing structure with tripod as line models





(b) Lines on the backing structure defined
as fixed base
Figure 4.3: Mounting of antenna backing structure. To replace the rigid mount a set
of lines is defined as a fixed base
intended to be more rigid than the plate framework. To provide this, the core part
consists of profiles with a higher section modulus. Figure 4.4 shows both. The profiles
of the reflector plate have a quadratic section with a length of Bp = Lp = 50mm with





the resistance of the plate WB,p = 3138.61mm
3 is less than the WB,c = 49 210mm
3 of
the core. [MG07][Lue10]
For the simulation the reflector core structure will be equipped with beams of the cross
section with higher stiffness (figure 4.4b) and the outer reflector plate with the smaller
sections from figure 4.4a










(b) section of core profiles
Figure 4.4: Profile sections in reflector frame work
Material
All framework bars are made of steel produced and donated by Aceros Arequipa. Table
4.1 shows the applied material parameters for the frame work bars. These values are
provided by an internal publication made by the INACOM group of the PUCP Lima
and will be used for the simulation.
parameter unit value
density g/m3 7850
modulus of elasticity N/m2 2.0 · 1011
poisson ratio - 0.3
Table 4.1: Material parameters for the reflector backing structure
Mass of the future antenna feed
To consider the future mass of the primary antenna feed, a mass-element will be
located on the top of the tripod-structure. The converging point of the three tripod
legs represent approximately the mounting point of the feed horn. This will give an
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adequate model to consider the feed mass and the equipment. The simulation software
ANSYS provides an element named MASS21 to attach a virtual mass to a structure
node.
Reflector surface
The presented Inventor-model does not include the reflector surface. Due to the fact
that the INRAS RT-20 is still in development there is no established design available.
Therefore this work has to deal with several assumptions about the future construc-
tion. Like mentioned in section 2.1.2 the reflector surface consists of several trapezoidal
tile-shaped aluminium panels with double curvature (curved surface). Every panel is
attached to 4 support points. As shown in figure 4.5 there are spacing pieces between
the supporting points in the frame work bars and a surface panel (see also section
2.1.1). These spacers are manually adjustable to tilt and bend every surface panel to










(b) Exemplary points for support of the
surface panels in y–x–plane
Figure 4.5: Spacer between frame work bars and reflector surface panels
For the ANSYS simulation, the surface panels as well as the spacer, will be neglected
completely. Hence the simulation can not take into account a deformation of the surface
directly. Instead of measuring a displacement of points in the surface, only movements
of the underlying frame work will be considered. The connection between one frame
work bar and the corresponding mounting point on a surface panel is supposed to
be rigid. So there is no movement between them. A first assumption is to equate a
displacement of both mounting points (bar and panel). The second one is to imply the
same paraboloidal function for the reflector surface and the underlying bar structure.
The last one is relatively easy to prove if a constant distance between them is provided.
The underlying beams form over the points of support for the adjusting screws a nearly
parabolic function alike the future reflector surface. Because of the constant vertical
distance (y–direction), it will be a equidistant plane. That means every tangential
plane of this function is parallel to another on the surface paraboloid.[Bär13] The
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pt
√





t = 0.1 0.0034 1 0.0034 1
t = 10 0.3444 1.0576 0.3256 0.9455
Table 4.2: Numeric results of terms from equations (4.3) and (4.4) for p = 1/29.04
fact of the non–existence of an equidistant paraboloid leads to new functional rela-


















the normal (normalized) with distance d
(4.2)






y(t) = pt2 − d√
1 + p2t2
(4.4)
According to table 4.2 and for a distance d = 0.1, the x–component could assumed
as
x(t) ≈ t (4.5)
The y-component also remains nearly with the constant offset d so that
y(t) ≈ pt2 − d (4.6)
For this approximation for a equidistant 2–dimensional parabola, the functional rela-
tion only contains the constant offset d.
y(x) = px2 − d (4.7)
For further work, this argumentation is also applied to the 3–dimensional problem of
an equidistant plane.
4.1.2 Simulation of gravity induced deformation
The deformation by gravity occurs due to the dead weight of the telescope (compare
section 2.2.2). The line model of the telescope meshed with the geometry of the profile
sections and the corresponding material parameters delivers the information about the
magnitude and the distribution of mass in the structure. The weight of the telescope
can be calculated by adding the information about gravity. For this issue ANSYS









Figure 4.6: Coordinate systems on the radio telescope RT-20
provides a function to add an acceleration vector to a model.
In operation, the radio telescope will be able to change its elevation angle between 10◦
and 90◦. Hence the impact of the gravitation vector g = (gx, gy, gz)
T on the antenna
structure changes as a function of the elevation angle ψ:


















gz = 0 (4.10)




                                                                                




                                                                                
(b) ψ = 90 ◦
Figure 4.7: Deformed (blue) in comparison to the undeformed structure plotted in
ANSYS for two elevation angles (exaggerated)
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in steps of 5. Figure 4.7 shows exemplary two load situations and the deformed model
in comparison to the original one.
4.1.3 Definition of the output of the ANSYS-Simulation
The ANSYS-Simulation is designed to deliver the information about the displacement
of nodes composing the reflector surface. As mentioned in 4.1.1, it is not possible to
determine the displacement of the surface nodes directly. Only the movement of the
underlying nodes of the backing structure on the support points could be identified.
Figure 4.8 shows an imaginable selection for suitable support points. For further work,
these points will be treated as the actual real reflector surface (compare 4.1.1).




Figure 4.8: Selected supporting points for the surface (assumption) displayed in ANSYS
APDL
as the displacement vectors di will be exported into a text file. Because the following
calculation is about the determination of the new focal point of the paraboloid, the
displacement of the antenna feed is in the same way important. Therefore, the original
coordinates and the displacement of the node with the attached MASS21–element will
be contemplated as well.
In summary the written scripts instruct ANSYS to run several simulations. For each
solution text files for the
❼ coordinates of the undeformed surface nodes
❼ displacement vectors of surface nodes
❼ coordinates of the reference focal point
❼ displacement vector of focal point
are created.
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4.2 Identification of a Best-Fit-Paraboloid (BFP) for
the deformed reflector surface
The numerical solution in ANSYS delivers a displacement vector di for every node i.
With this information and the original coordinate vector vi, the new position v
∗
i of
every node in the deformed state could be easily calculated:















The data set of node coordinates in a three-dimensional space is a point cloud out of
nodes of the actual surface (compare figure 4.9 for a 2–dimensional equivalent). The
theoretical surface is the reflector plane in original undeformed state. According to the








The discrete result of the deformation analysis in ANSYS is the displacement matrix
for the surface nodes.
Assuming to have a paraboloidal shape of this point cloud, a best fitting function y∗
could be found minimizing the RMS (root mean square) error (see equation (2.9)) of
the vertical residuals between the calculated surface points and the best-fitting plane.
Another suitable and frequently used method is the minimization of the pathlength
error as the distance between a surface point and the focal point. The former method
will be used.
[WD07] uses an equation with six fitting parameters u, v, w, ∆φx, ∆φz and h to
describe a paraboloid as proposed by von Hoerner [Hoe67a] (see figure 4.10). A
paraboloid parametrized with this six variables provides direct access to translation
and rotation movements in the 3–dimensional space as well as a change in the focal
length. As mentioned in section 2.3.2, the u, v and w describe a translation of the
vertex. The angles ∆φx and ∆φz indicate a rotation around the x- or the z-axis. h
is a parameter for the focal length - consequently a measurement for the curvature of
the paraboloid.
A paraboloid in three–dimensional space could be described by
y = ax2 + az2 (4.13)
whereat a = 1
4f
.
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Figure 4.9: Theoretical surface, computed position of nodes for the deformed surface







Figure 4.10: Coordinate system on the paraboloidal reflector surface
Translation
A translational displacement (u,v,w) of this paraboloid results in an offset as follows
y∗ = a (x− u)2 + a (z − w)2 + v (4.14)
= ax2 − 2aux+ au2 + az2 − 2awz + aw2 + v (4.15)
With equation (4.13) it is possible to declare one term as the original untranslated
paraboloid y and write
y∗ = y − 2aux+ au2 − 2awz + aw2 + v (4.16)
∆y = −2aux+ au2 − 2awz + aw2 + v (4.17)
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Because of the expected small translational displacement, it is possible to neglect the
quadratic terms au2 and aw2 to simplify to










w + v (4.20)
Rotation
The angles φx and φz respect a rotation of the paraboloid around the x- and z-axis.
For small angles the y-displacement due to a rotation could be described as
∆y = −xφz + zφx (4.21)
Change of the focal length
The parameter h describes the bend of the paraboloid thus it is a quantity for the focal




























Superposition of all transformations
For an arbitrary paraboloid following the equation of (4.13) shifted and rotated in
space with a changed focal length follows
y∗ = y − x
2f
u+ v − z
2f













, it is possible to express it with 6 parameters and prepare it to
compose a linear equation system:
y∗ = y − x
2f
u+ v − z
2f
w + zφx − xφz + yh (4.26)
Equation (4.26) delivers a solution to express the new paraboloid y∗ via the theoretical
surface y and 6 fitting parameters whichever could translate, rotate and inflect it. To
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determine these unknowns for the actual plane, the linear system of equations Ap = b



























































The parameter vector p represents the geometrical variables directly – with the excep-
tion of the parameter h. The essential information out of h is the change of the focal





f ∗h = f − f ∗










4.2.1 Solution for the best-fit optimization problem
Computational approach
The best-fitting paraboloid is defined by the parameter vector p. This can be delivered
by the solution of the equations (4.27). An equation system is uniquely solvable if the
rank of the matrix rank(A) = m equals the rank of the extended matrix (A | p). For
the case of the linear system of equations (4.27) it is assumable that there is no such
unique solution for the parameter vector x. One row represents an equation for a sur-
face point. Normally the system (4.27) has to deal with significantly more than 6 rows
such as shown in figure 4.8 with 282 surface points. If there are more equations than
unknown variables this system is called overdetermined. This seems to be a possible
case because of the large number of surface points. Such a situation induces a problem
of the adjustment theory.[BHL+08]
While this is a comprehensible case another possibility should not let be disregarded.
The numerical solution is restricted to the floating-point precision of the calculating
program (in this case MATLAB). A problem may occur while the matrix A consists
of numerous rows with coordinate values close to each other. Even the matrix holds
exclusively linearly independent columns, due to the finite-precision it appears to be
singular. Hence the computation assumes to deal with an underdetermined system
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because of its deficient rank. [Cle04]
Following [Cle04] MATLAB offers an operator to compute the solution to
Ap = b (4.30)
for an arbitrary equation system. This function is called backslash-operator and solves
the problem automatically in a least-squares sense.[Mat14] The algorithm solves the
system predominantly using the QR-factorization - an orthogonalization algorithm.
As expected, the test cases for the actual problem delivered a system with deficient
rank rank(A) = 4. But [Cle04] claims that the solution obtained from the backslash–
operator in degenerated situations does not guarantee uniqueness. [BHL+08][Cle04]
Many of the publications like [CYX13] or [WDQ+04] do not solve the equation system
directly but using the normal form. This method uses the Gauss–Transformation to
transform it into six equations with six unknowns as the system matrix will be square.




aikpk − bi (4.31)
with the residuals ri. Forcing the quadratic sum of the residuals to be minimal leads
to the rms from equation (2.9) Nevertheless this also faces the problem concerning










to collapse. An alternative to the inverse of a matrix is the so called pseudoinverse. This
is sometimes referred to as the generalized inverse. In case of MATLAB the function
pinv() will use the Moore–Penrose version of a pseudoinverse matrix. [BHL+08][Cle04]
Another solution offers the MATLAB curve fitting toolbox cftool (older versions of
MATLAB come with the surface fitting tool sftool). This program provides a graph-
ical user interface for solving nonlinear curve fitting tasks.[Cle04] With it’s help it is
possible to find the parameters for a custom function like the fitting–paraboloid from
equation (4.26). The tool is instructed to run an optimization with the Levenberg–
Marquardt algorithm (LMA). This is a least-squares fitting using the Gauss–Newton
procedure. [Lou05]
For the solution of the equations (4.27) to find an accurate description of the reflector
surface three methods were used:
❼ MATLAB backslash operator
❼ solution of the normalized equation system
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❼ MATLAB curve fitting toolbox cftool
Comparison of the results
To compare those results the root–mean–square error from equation (2.9) for every fit
in different elevation angles was calculated and is shown in table 4.3. In the literature
this is a common proof of the accuracy of a curve fitting. The accuracy of the backslash-
solver and the normal equations are almost similar. The difference is small and not
visible with the displayed precision. Hence the fitting results from these two methods
are assumed to be very close to another. The cftool calculates a fitting curve with a
residual rms error 10 times higher. All methods are getting better fitting results for
the load situations with higher elevation angles (compare the full look-up tables in the
appendix 6). This may be caused by a less deformed reflector surface for the upright
position. Fewer deformation means a lower departure from the ideal paraboloidal shape
and therewith a better fitting result to the function of a paraboloid.
Table 4.3: Comparison of the solving methods using the RMS error
10 ◦ 55 ◦ 90 ◦
backslash-solver 2.0496 · 10−5mm 1.5886 · 10−5mm 1.0064 · 10−5mm
normal equations 2.0496 · 10−5mm 1.5886 · 10−5mm 1.0064 · 10−5mm
cftool 3.4791 · 10−4mm 2.6965 · 10−4mm 1.7084 · 10−4mm
4.2.2 Interpretation of the numerical solution
The simulation in ANSYS was performed for different elevation angles from 10 ◦ up to
90 ◦ in steps of 5 ◦. Each load situation delivers its own point cloud of surface nodes
and therewith an individual equation system (4.27). The three mentioned methods to
solve are applied to each simulation result. The full results of the computed fitting
parameters are collected in three look-up tables in the appendix 6. These tables will be
the basis of the focal point correction. Such tables are a common tool to correct known
and repeatable errors like the dead weight deformations.[Gaw04] Table 4.4 shows an
excerpt of the solved normal equations for three elevation angles. The change of the
focal length Df is calculated separately from parameter h using equation (4.29).
Table 4.4 presents an impression of the magnitude of the parameters. The transla-
tional shift of the vertex point is dominated by v in the y-direction. The shift in x
is small in comparison to this and there is almost no impact in z-direction. For the
two rotations the fitting angle φx is small and negligible compared to φz. The rotation
around the z-axis and the translational shift u appears small in comparison to their
related movements. But in combination both superimpose each other to a movement
in x–direction. Therefore as significant fitting parameters u, v, the angle φz and the
change of the focal length Df are chosen. The shift w as well as its corresponding tilt
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Table 4.4: Solution from the normal equations for selected elevation angles (̂ın addition
with the change of the focal length Df)
ψ u v w φx φz h Df
◦ mm mm mm ◦ ◦ 1 mm
10 0.01401 −0.48992 −0.00013 0.00011 0.01166 −0.00607 44.31951
55 0.00828 −0.42028 0.00003 −0.00003 0.00689 −0.00598 43.70657
90 0.00017 −0.40156 0.00015 −0.00012 0.00014 −0.00596 43.53416
angle φx will be neglected.
Figure 4.11 shows the focal length as a function of the elevation angle. The original
focal length of 7.26m is not shown in this diagram. The actual distance outreaches the
intended one in every elevation of the telescope with around 44mm. For an increasing
inclination the focal distance reduces in a non-linear behaviour. The covered range is
small with a value around 1mm.
Figure 4.12 shows the x–y–plane of two examples for best fitting paraboloids. Any
displacement in the z–direction is neglected due to its small influence. To compare
them with the designed shape of the reflector, the theoretical surface is plotted as well.
The curves are calculated using the fitting equation (4.26) with the parameter vector
p =
(
u v w φx φz h
)T
(4.33)
for the elevation angles 10 ◦ and 90 ◦. The theoretical surface is plotted following
the RT–20–paraboloid from equation (4.12) over the complete diameter 20m. The
displayed curves experienced a transformation simultaneously over the six parameters.
Therefore a proper discussion is difficult. But there is an obvious shift in the axial
direction for the actual surface functions. The vertex region of the telescope settles
down in comparison to the theoretical surface. But it lifts slightly while tilting up to
the face–up position. Furthermore a small offset in x–direction is recognizable.
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Figure 4.11: Focal length of the INRAS RT-20 as a function of the elevation angle
















Figure 4.12: Cross section in x-y-plane best-fit paraboloids at the elevation angles 10 ◦
and 90 ◦ in comparison to the theoretical surface
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4.3 Determination of the focal shift
The derivation of the best fitting paraboloid from section 4.2 provides the parameters
of the new paraboloidal reflector surface. With this information it should be possible
to calculate the position of the new focal point. This should coincident with the loca-
tion of the aperture plane of the primary antenna, the feed horn, to use the maximum
performance of the telescope. As this is not incidentally the case, the position of the
feed horn has to be adjusted by a suitable actuation system (see chapter 4.5).
The quantity to minimize by the actuation system is the offset between the feed horn
aperture and the focal point. Both locations are changing simultaneously. So it is
necessary to observe the geometry of the paraboloid as well as the position of the feed
horn. Furthermore the movements are correlated because the primary antenna upon
the tripod is mounted on the backing structure of the reflector. The tripod stand passes
the bending and deformations of the support structure to the feed. The simulation in
ANSYS is fed with the information about the tripod structure and its properties. So
this movement is easy to determine using the results of the simulation.
It should be appropriate to use the absolute coordinates from the numerical solution
in ANSYS. It delivers the actual feed position and the parameters to determine the lo-
cation of the focal point out of the deformed reflector paraboloid. The vector between













(a) Focal shift due to the translational dis-
placement with P as the reference point











(b) Focal shift due to angle φz
Figure 4.13: Parameters to describe the focal shift
It is common to distinguish the axial from the lateral defocus like in [Baa07] and reduce
the misalignment of the feed and the reflector surface to these two parts. Looking at
the relevant fitting parameters discussed in section 4.2.2 this should be an appropriate
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approach for the actual work as well. The best-fit-paraboloid can be described ade-
quate using the four parameters u, v, φz and h (respectively Df). Figure 4.13 illustrates
all these qualities and their impact to the relative movement between feed horn and
the reflector surface. The figure 4.13a shows the misalignment due to a rotation of
the reflector paraboloid with angle φz. The caused shifts along the x- and z-axes are
covered by the examination of the axial together with the lateral defocus. The tilt
caused by the angle φz will be neglected because of the small impact and has only
a small effect to the antenna gain. This assumptions implicate that the body fixed
coordinate system of the feed horn has only axes parallel to (x, y, z).
4.3.1 Axial defocus
The axial defocus denominates the displacement of the focal point parallel to the verti-
cal axis y. The position of the focus in the coordinate system (x, y, z) is determined by
the position of the paraboloid and its geometry. The curve fitting yields to a paraboloid
with a vertex shifted by the offset v. Consequently its focal point must experience the
same displacement.
Another factor arises from the change in the curvature of the theoretical and the best-
fitting surface. Following the theory of the homologous design the curve remains as a
paraboloid of revolution. Thus it retains with its one focal point and the displacement
continues along the axis of symmetry. Presumably only the focal distance changes as
∆f depending on the new curvature.
If the best-fit paraboloid is not only translated in space but also rotated, the gyration φz
contributes to the displacement of the focus. To be seen in figure 4.13a the dislocation
in axial direction can be described by
vF,rot = f − f cosφz
= f(1− cosφz) (4.34)
These parameters altogether deliver the equation for the displacement of the antenna’s
focal point in axial direction in reference to (x, y, z):
vF = v +∆f − vF,rot
= v +∆f − f(1− cosφz) (4.35)
Consequently the relative movement between the reflector surface and the feed horn
in this direction is
yoff = vF − vP
= v +∆f − f(1− cosφz)− vP (4.36)
with vP as the axial displacement of the reference point P on the feed horn.
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4.3.2 Lateral defocus
The derivation of the lateral defocus follows the same pattern. Figure 4.13 shows the
distances show the distances of the displacement in x–direction. Following the former
convention the translation of the vertex is denominated by u. As well as for the axial
displacement the rotation around φz (see figure 4.13a) contributes
uF,rot = f sinφz (4.37)
to the offset. Both influences sum up to the shift of the focal point
uF = u− uF,rot
= u− f sinφz (4.38)
Hence the relative movement between the antenna’s focal point and the feed horn is
xoff = uF − uP
= u− uF,rot − uP (4.39)
The two equations (4.36) and (4.39) provide the information about the offset between
the feed position and the actual focal point. Hence they compose the vector for the







u− uF,rot − uP
v +∆f − f(1− cosφz)− vP
)
(4.40)
Table 4.5: Calculated focal offset for a selection of elevation angles (based on results






4.4 Implementation in a program sequence
The former discussed methods and algorithms are implemented in scripts for ANSYS
APDL and MatLab. Figure 4.14 shows the intended workflow and links between the
scripts. The simulation scripts require the input geometry of the telescope as a line
model provided by Model.igs. The scripts are equipped with the information derived
in the present chapter and are executed one after another. 3 solution .txt iterates













Figure 4.14: Simulation in ANSYS (left) and BFP-algorithm in MatLab in a program
sequence
through the load cases with changing elevation angle while printing the results in co-
ordinate files.
The MatLab-part is divided in two sequences depending on the preferred solving tool.
Either the solution via the normal equations (with an option for the backslash operator)
or the cftool can be chosen. Both use the routines of init .m for the initialization
and read file .m to read the coordinate files from the ANSYS-output. To calculate
the focal shift the script focal offs .m is called. Independent of the selected solver, a
Look-Up table like in chapter 6 is generated.
4.5 Systematic errors of the simulation
The shown approach is based on various assumptions. Some of them arise from un-
known properties of the radio telescope in its design phase. Others are caused by
modelling a complex real situation in a simulation software, the numerical solution
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and simplifications.
The model of the reflector backing structure is built by meshing the geometry of the
frame work with the cross sections of the bars. The lines of the model are crossing
each other in nodes and consequently the meshed cross sections cover the whole length
of a line. In the model the frame work beams overlap each other in the environment of
these nodes. This is not an adequate description of the reality because physics would
not allow such a merge of bodies. While the deformation would be simulated properly
there is an additional mass which does not exist in reality. This influences the effect
of the dead weight deformation of the telescope.
For the simulation the cross sections are meshed with the line model without conside-
ring the changing orientation of the frame work bars. The meshing algorithm installs
every section with its axes parallel to the global coordinate system. Hence all beams
have the same orientation. In reality the orientation of a beam depends on its position
on the reflector structure. With increasing distance from the center the beams keep
an orientation normal to the paraboloidal shape. This tilting is not modelled.
A more obvious discrepancy occurs due to the absence of the reflector surface. This
issue was examined in section 4.1.1 and considered to have a small impact on the further
calculations. This regards only to the geometry. Another aberration appears from the
lack of mass. In comparison to the backing structure the mass of the aluminium panels
is assumed to be small and was not included in the simulation. This decision is also
based on examination of other publications like the simulation shown in [WD07] or
[Gaw04].
CHAPTER 5
Mechatronical design of an actuator for the
adjustment of the primary antenna
5.1 Specification and requirements
The INRAS RT-20 will not be equipped with an active surface mentioned in section
2.1.1. So the readjustment of the defocussed telescope has to fall back on a compen-
satory movement between the primary antenna and the reflector surface. Although it
appears to be possible to align the reflector backing structure, usually this is not the
preferred solution. Due to its weight and the telescope setup, this is not a suitable
method. Rather than this, the primary antenna is destined to be movable. The re-
quired actuator is designated to be the centerpiece between the tripod structure and
the primary antenna. The main function is the fixation of the feed horn on the head
of the three tripod legs. In addition an actuation system implements the possibility to
adjust the feed relative to the reflector surface. This alignment is designated to assure
the coincidence of the aperture-plane centre of the primary antenna and the focal point
of the reflector.
To offer a reproducible and well justifiable solution the design process of the actua-
tor will be orientated in parts on the methods of the VDI2221 [VDI93] and VDI2206
[VDI04]. At the beginning a full list of requirements will be erected. Based on this ta-
ble, a variety of suitable technical concepts will be developed. Thereon an assessment
by means of selected criteria is performed. Out of this analysis a favoured design em-
anates as the most suitable concept. At the end of the actual work a recommendation
for an actuation system will be given.
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A full list of requirements is shown in table 5.1. The following sections will discuss the
issues in a more detailed explaining the background of the requisitions.
5.1.1 Functional requirements
The required degree of freedom was already discussed in sections 4.2.2 and 4.3. Since
the remaining correction movements are reduced to axial and lateral alignment the re-
quired degree of freedom of the actuation system is two. One translation in x and the
other along the vertical axis y. But when handling the mount of the primary antenna
requirements from other fields arise as well. From the electromechanical view it can
be useful to adjust the feed polarisation. So a rotation around the vertical axis with
angle φy is desirable. Bringing this together with the correction of the homologous
deformation yields to a degree of freedom equal 3.
The main task of the actuator will be the one-dimensional translational in y movement
of the antenna mount against its counterpart on the tripod to meet the changed focal
length. This movement has to cover the distance to adjust the feed horn in axial
direction. Hence in minimum the calculated offset yoff from section 4.3.1. For this
motion a covered distance of 45mm is sufficient. But in operation it can be useful to be
able to adjust the feed horn in the dimension of a wave length. Hence the requirement
will be amplified until covering half the period of the maximum wavelength λmax to
be observed. This arises from the projected frequency range of the telescope with
1.42GHz ≤ f ≤ 15GHz. As the wavelength λ depends on the frequency f like
c = fλ (5.1)
the corresponding wavelength could be obtained. The minimum frequency fmin =





According to the needs of the INRAS institute 0.5λmax is the minimum distance to
be covered by the actuator. To work with a common value and provide a buffer the
distance will be set to yP = 110mm.
The lateral defocus is small in comparison the axial one. Following table 4.5 a compen-
sating movement of approximately 5mm is enough. To add some additional freedom
for adjusting movements for instance the range will be stretched to xP = 20mm.
The precision of the adjustment also corresponds to the wavelength. The desired
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the minimum precision to be reached will be set to 0, 1λmin ≈ 1mm.
The velocity is not a critical fact as the claimed movement range is. The velocity of
the actuator corresponds to that of the reflector. It has to reach its calculated posi-
tion in the same time like the reflector elevates or rotates to always provide a proper
focussed telescope. The rotation in azimuth does not concern the feed adjustment.
Solely the elevation movement sets requirements to the actuation system. The veloc-
ity during operation is expected to be small. While pointing to a radio source in the sky
only the rotation of the earth need to be compensated. For this reason it is assumed
that the duration for an arbitrary adjustment motion is much more decisive. To not
restrain any other measurement the maximum duration for an adjustment it set to 10 s.
The biggest feed horn has a mass of around 13 kg. This is the maximum mass to move
but an important design parameter. The actuator has to hold and move the feed under
changing direction of the gravity. This is an essential requirement, because of the wide
range of elevation angles of the telescope.
5.1.2 Weather and climate conditions
The actuation system has to be designed as an outdoor-device. It will be exposed to
all weather conditions by itself yielding to special and challenging exigencies of the
design. The actuator’s whole lifespan it will be mounted to the antenna feed of the
telescope.
The intended working site is Lima, Peru. In the classification of Köppen and Geiger the
climate of this region is classified as BWk. This abbreviation denotes an arid desert
environment with little rainfall. k stands for an average annual temperature below
18 ◦C. The highest average temperature of the year of 22.3 ◦C is reached in February
and the lowest in August with 15.1 circC. Hence the variations in temperature over the
year are small. The rainfall reaches its maximum in august with 7mm while staying
the half of the year close to zero.[Hey72]
5.1.3 Technical environment and interfaces
Every feed horn has basically a cylindrical shape with a circular section. The lower
part is dominated by a bearing-out. The imaginary plane located at the lower edge of
this disc composes the aperture plane. The focal point is situated at the intersection
of this plane with the symmetry axis of the cylinder. This is the focal point of the
primary antenna which ought to coincident with focus of the reflector.
The INRAS radio telescope is designed to deal with various frequencies. As mentioned
in section 2.1.1 the reflector suits a wide band of frequencies. But a feed horn is ded-
icated to a special wavelength. Hence the primary antenna must be interchangeable
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Figure 5.1: The feed horn of the RT-20 for a frequency of 1420MHz
to work with more than one frequency. The radio telescope of the INRAS is work-
ing with feed horns with diameters between 47.4mm and 355.5mm amongst others.
Figure 5.1b show the dimensions of the 1420MHz-feed. To deal with several diame-
ters a mechanical adapter will be necessary to provide a suitable mount for every feed
horn. This mechanical adapter could be attached to the feed horn permanently. The
interface between adapter and actuation system then is standardized to provide easy
exchangeability.
The feed horn has a thin walled section. This sets important restrictions to the con-
nection method. Boring into the thin wall is applicable because of the stability. Fur-
thermore additional shadowing of the radiation caused by any form fitting part is not
justifiable. A feasible method to combine adapter and feed horn is a material connec-
tion like welding.
(a) isometric view (b) from below
Figure 5.2: Tripod head and bearing of a feed-dummy
The radio telescope will provide electrical energy with 48V direct voltage. This could
be used to drive electric actuators. The power supply is needed at the head of the
tripod as well as any kind of control signal. While there are other cables and supplies
this is only an additional wiring from the ground up to this point. In the actual design
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they are guided through one or more tripod legs.
Figure 5.2 shows a model of the tripod-head. The three tripod legs meet each other
in this points holding a tube as a dummy for the primary antenna respectively the
actuation system. Every leg is pivoted at its lower end. So each can pan around this
mounting point. This allows to mount components with different diameters at the
tripod-head and provides a variable space for any extension at the top.
5.1.4 Table of requirements
Nr. Function Value comment
Functional requirements
F01 automatic positioning -
F02 self locking - no need of power to hold idle
state
F03 interchangeable adapter - to install different feed
horns
F04 reaction to perturbation emergency stop
F05 position sensing absolute for translation and rotation
M06 translational DOF 2 along x-axis and y-axis
M07 rotational DOF 1 around vertical axis with
angle φz
M08 translation along y-axis yP ≥ 110mm
M09 translation along x-axis xP ≥ 20mm
M10 angle of revolution around
y-axis
≥ 180◦
M11 positioning duration for ro-
tation
≤ 5 s to reach any angle 0 ≥ α ≥
180◦
M12 positioning duration for
translation
≤ 10 s to cover the whole move-
ment range
M13 precision translation ±1mm
M14 precision rotation 1◦
M15 minimum mass to move 13 kg weight of the feed horn
Structure




F17 mount of antenna feed no change on ge-
ometry of the feed
horn
no drill hole, no forming
F18 interchangeability of the
feed horn
universal interface adapter piece
F19 mount on tripod structure -
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M20 dimensions preferably small low additional shadowing on
the reflector
M21 maximum empty weight 17 kg weight of the actuation sys-
tem
W22 use of given structure - no changes on the rest of the
antenna structure
Environment and interfaces
F23 energy supply 48 V DC
F24 site of operation outdoor Lima, Peru
F25 insensitive to electromag-
netic influences
-
M26 assure protection class IP54 insensitive to pollution and
rain (DIN EN 60529:2000)
M27 average annual temperatur ≈ 15− 23◦C
M28 insensitive to direct sunlight heating of exposed compo-
nents
M29 humidity range 0% - 90% 1
Maintenance and Use
M30 operation time 12h/day
M31 endurance 5 years
M32 disposability ≥ 90%
W33 cost of operation ≤ 200PEN per
month
W34 maintainability through service
personnel on-site
Production
F35 Number of pieces 1 unique specimen
W36 Actuators, control, sensor
system
standard parts
W37 Avoiding of special parts - simple fabrication
Safety
F38 user interface emergency switch
Table 5.1 shows a list of the requirements, collocated in the sections before. This
provides the orientation for the design process of the actuation system. Entries marked
with F are fixed claims without any tolerance in fulfilment. Requirements marked with
M have to be satisfied in minimum to their lower limit. Every W -entry is desired but
abdicable.
1http://www.temperatureweather.com/pacific/wetter/de-wetter-in-peru-lima.htm, 04.05.2015
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5.2 Comparison of actuation principles
5.2.1 Serial Actuation
A first guess to realize the required motions is to use one actor for each movement.
A sequence of actuated one-degree-of-freedom links builds a serial actuation system.
Such a set-up needs two translational actuators and one rotational one, thus three
generalized coordinates. Each of them may be equipped with an additional gearing








Figure 5.3: Principle of the serial actuation
The principle is shown in figure 5.3. The order of the actuation is variable and cus-
tomizable. The figure shows a feasible sequence. The rotatory motion around the
vertical axis is realized as the innermost movement and geared by motor M1. The rest
of the actuation system is arranged as a rack driven by the two linear actuators M2
and M3. Corresponding bearings for each motion have to assure a reliable guidance
and track. Actuator M3 moves the entire frame and is linked to the base itself.







Figure 5.4: Delta mechanism in UPU configuration from [JT03] extended by an addi-
tional rotary drive
5.2.2 Integrated delta mechanism with linear actors in the tripod
legs
A more elegant way than the serial actuation is making use of parallel-kinematic mech-
anisms. Jean-Pierre Merlet presents in [Mer06] a wide diversity of parallel mechanisms
for a degree of freedom from one up to six. A parallel manipulator often consists of
several limbs connecting a movable platform with a fixed base. It is in common to use
one actuator to drive one leg. And thereby working with a degree of freedom equal to
the number of actuators. The actuators can be placed close to the fixed base. This
results in a low mass inertia of the moved parts of the architecture. This allows in par-
ticular high speed applications which are not needed for the actual problem yet. A big
advantage of parallel mechanisms arises from the closed loop kinematic chain. They of-
fer an exceeding good stiffness and in general a high precision movement. [JT03][Mer06]
For the actual case two translational movements and a rotation around the vertical
axis are needed. [JT03] discusses a 3-DOF mechanism with exclusively translational
movements. A variation of this, with an additional rotary drive is shown in figure 5.4.
This principle consists of three actuated legs supporting a movable platform. All three
limbs consist of an equal kinematic structure. It is also called 3-UPU parallel manipu-
lator because of its architecture. Each leg with an actuated prismatic joint P is linked
to the fixed base as well as to the moving platform with a universal joint U. A limb has
a degree of freedom equal to five. This assures one constraint to the moving platform.
[JT03] refers to the publication [TJ00] which shows that the arrangement can restrict
all rotatory motions of the platform. So pure translational movements remain.
5 Mechatronical design of an actuator for the adjustment of the primary antenna 51
Following [Mer06] the equation of Grübler for three-dimensional problems delivers the
degree of freedom F with




Variable l represents the number of rigid bodies (includes the fixed base) and n is the
number of joints. di denominates the number of degrees of freedom of joint i. The
UPU manipulator presented by [JT03] equation (5.4) generates
DOFUPU = 6(5− 6− 1) + 6 · 2 = −12 + 12 = 0. (5.5)
That means the delta mechanism has no degree of freedom. Hence the moving plat-
form is not able to move by oneself. Only the driven prismatic joints offer the mobility
for the required degree of freedom.[CYX13]
For the adjustment system of the radio telescope the prismatic joints respectively the
linear actuators can be located in the tripod legs. That means replacing an immovable
part of the tripod structure with an actuator of variable length on each leg. Since
the drives are integrated in the former rigid tripod the external dimensions should not
change significantly. Thus a big advantage of this arrangement is the expectable low
additional shading of the reflector surface.
With the presented architecture it is not possible to realize the desired rotational move-
ment of the primary antenna. An additional actuator is needed. Because this motion
is dedicated to the issue of the polarization it is reasonable to place this additional
degree of freedom at the end of the kinematic chain. Therewith the rotation does not
superimpose the translational movement. So, the mechanism in figure 5.4 is extended
with the rotary drive upon the moving platform to rotate the end–effector.
This concept requires a redesign of the tripod structure. A the lower end the pivots
only offer one rotatory degree of freedom. They have to be replaced by universal joints.
Each needs to be strong enough to support one tripod leg and partly the weight of the
feed horn. Furthermore This collides with the request for no changes on the existing
telescope structure.
Placing the linear actors in the structure of the tripod adds an additional supporting
task to them. They have to assure the static rigidity of the tripod. This imposes axial
as well as lateral forces to the actuators. Any lateral strain is not the intended working
direction and has to be considered in the design phase.
5.2.3 Delta mechanism as a stand-alone unit
The disadvantage of the integrated delta mechanism is the bad maintainability and
exchangeability of the system. The consolidation of the tripod with the delta robot
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induces the impossibility of a discrete view on two separated systems. With regard to
the installation and maintenance effort a division of the functions appears to be worth-
while. Leaving the tripod structure unaffected could mean to install a delta mechanism
as an independent system. This can be mounted to the bearings of the three tripod legs
shown in figure 5.2. To provide an unblocked path of rays between the feed horn and
the reflector surface the presented UPU-manipulator from figure 5.4 is turned around
with the fixed base at the top. The former movable platform is the mounting for the
antenna feed. Just as in the integrated delta mechanism the rotatory motion has to
be added. Added as a serial actuation a suitable rotary drive can be placed upon the
moving platform to avoid the unwanted superposition with the delta-robot movements.
This design delivers a compact system without any peripheral actuation outside the
constructed space. The component can be mounted on the bearings of the tripod
structure leaving the rest of the telescope unaffected.
5.2.4 Stewart-Gough-Platform
The Stewart-Gough-Platform is a widely known parallel mechanism. It offers six de-
grees of freedom. That allows a much higher flexibility for any future adjustment or
calibration requirement than the presented delta mechanisms.
Even though this design offers a degree of freedom equal to six and exceed M06 and
M07, the rotatory motion around the vertical axis is not fulfilled sufficiently. Obviously
a rotation with ≥ 180◦ is not possible with this mechanism. So an additional rotary
drive is needed at the moving platform.
5.2.5 Delta robot with rotary drive
Figure 5.5: Delta–robot with rotatory drives supplemented by a telescopic cardan shaft
from [Cla91]
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In the year 1991 Clavel discussed in [Cla91] a parallel–manipulator with exclusively
rotatory drives. Figure 5.5 shows the concept. The mechanism consists of three limbs
linked to a fixed base and a moving platform. The arms are arranged around the fixed
based with an angle of 120 ◦ between each other. Each arm consists of two rigid bodies
linked with a spherical joint (DOF = 3). The moving platform is coupled through the
kinematic chains of the three limbs to the fixed base. The structure of the forearms
with four spherical joints and the rigid bodies forms a parallelogram. Due to this
construction the three rotations are eliminated and the moving platform restricted to
three translational movements. So this allows only motions with the platform parallel
to the fixed base. Clavel mentioned in [Cla90] an idea to add a rotational degree of
freedom using a telescopic cardan shaft between the base plate and the end-effector.
With this additional freedom the required movements from M06 and M07 are possible.
Furthermore this sets no limits to the angle of rotation around the vertical axis.
5.3 Selection and evaluation of the actuation
principles
To compare the presented principles and provide a less subjective assessment some
specific factors from the general requirements will be chosen and weighted. For this
standard of evaluation every principle will be reviewed and rated. The criteria are
chosen by their ability to compare the concepts and their importance. Furthermore
they have to be independent from each other to allow a mostly uncorrelated assessment
of each factor.
In the end there are five design concepts to compare:
❼ TP1 - serial actuation
❼ TP2 - integrated 3-UPU-delta-robot
❼ TP3 - stand-alone 3-UPU-delta-robot-unit
❼ TP4 - Stewart-Gough-Platform
❼ TP5 - delta robot with rotatory drive
All concepts have to fulfil the fundamental requirements of the table 5.1. Hence only
criteria with a range of conformance are suitable for a comparison. For the intended
working environment an important fact is the robustness of the system. A small quan-
tity of pieces reduces the effort to protect sensitive parts. Also exposed bearings weak
the robustness of the system and may require additional housing. This would augment
the demand of space. This is a factor to reduce to avoid additional and unwanted
shading of the reflector surface. This would decrease the overall antenna gain and
has to be prevented. The actuation system is intended to improve the performance
of the telescope while offering an adjustable feed. Some actuation principle has an
augmented working space caused by its design. This is taken into account as a positive
characteristic. Its greater working space is counted as higher flexibility. In future work
or for any calibration for instance this could be an advantage. The effort to maintain















































robustness x 1 2 1 0 2 6 20.00
space / shading 1 x 2 2 1 2 8 26.67
flexibility 0 0 x 1 0 1 2 6.67
maintenance effort 1 0 1 x 0 1 3 10.00
weight 2 1 2 2 x 2 9 30.00
costs 0 0 1 1 0 x 2 6.67
Table 5.2: Weighting matrix
the actuation system should be as small as possible. For a system independently from
other parts of the telescope and a small number of critical components the maintenance
is much easier. Since the telescope is designed to be preferably light to reduce the de-
formations due to its own weight, the mass of the actuation system should be small.
In particular at the head of the tripod with its slim legs an heavy actuation system is
inappropriate. At the end also economical aspects like the costs of the system will be
estimated and rated.
As criteria for the assessment are chosen
❼ robustness





To consider the importance and impact of every criteria, the factors are weighed
amongst each other. Table 5.2 shows the weighting matrix. Each criteria is rated
against all others with three levels. Zero 0 means that the actual issue (row) is less
important than the correspondent one in the column. One 1 denominates a balanced
importance while 2 is given in case of a more important factor. The values from each
row are summarized and set in relation to each other. The last column shows the
weight of every criteria in a row in comparison to the others.
Table 5.3 shows the evaluation of all technical concepts TP1 to TP5. Every concept is
rated in matter of each of the six criteria with a score from 1 to 5 with 5 as the best
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TP1 TP2 TP3 TP4 TP5
W R WR R WR R WR R WR R WR
robustness 0.2000 3 0.600 4 0.800 5 1.000 3 0.600 4 0.800
space / shading 0.2667 1 0.267 5 1.333 4 1.067 3 0.800 4 1.067
flexibility 0.0667 1 0.067 3 0.200 4 0.267 5 0.333 4 0.267
maintenance effort 0.1000 3 0.300 1 0.100 5 0.500 4 0.400 4 0.400
weight 0.3000 1 0.300 5 1.500 4 1.200 2 0.600 4 1.200
costs 0.0667 4 0.267 3 0.200 4 0.267 2 0.133 4 0.267
sum 1.80 4.13 4.30 2.87 4.00
Table 5.3: Assessment of the design concepts
grade for the best fulfilment. Each grade R is multiplied with the criteria weight W .
The sum of all weighted grades is the value to compare the designs. Concept TP3 gets
the highest value.
5.4 Preliminary design and construction
5.4.1 Selection of components and assembly
Mount to tripod and base frame
To construct concept TP3 a base frame is needed. This stand is intended to be the
fundament for the delta mechanism. The base frame will be mounted on the top of the
tripod. For this the tripod provides three connecting points. A preliminary dummy
mount was shown in figure 5.2. So the existing concept of the bearings will be used.
Since there are three mounting points to the tripod with an angle of 120 ◦ between and
three for the delta mechanism arranged in the same angle, an hexagonal set-up can be
an appropriate design. This layout is shown in figure 5.7.
Figure 5.6: Preliminar assembly with 1420MHz-feed
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Figure 5.7: Hexagonal base frame with bearings to the tripod
The hexagon is composed by six U-profiles from Aceros Arequipa to engage the same
supplier as contracted to deliver the bars for the telescope structure. A roughly dimen-
sioning was made assuming a simple two-dimensional load case with a force affecting
at the middle of a bar. The size delivers a stiffness more than required.
Universal joints
The universal joints are intended to provide two rotatory motions. Universal joints
are used in cardan shafts and therefore also named as cardan joints. In contrast to
spherical joints they suppress one rotation to allow the transmission of a torque. For
the actual work they will be used to restrain the articulation to two rotations without
revolving around the vertical axis. Three universal joints have to be mounted at the
base frame. The other ones are attached to the moving platform.on one side and bear-
ing a linear actor at the other side.
Linear actuators
The most important characteristic of the linear actuators is the possible stroke. The
actuators are working as driven prismatic joints. For a given geometry of the delta
mechanism, the equation (5.10) delivers the generalized coordinates qi for every actu-
ator. The force of 30 lb is enough taking in account the three actuators always acting
simultaneously. Using the linear drive with the optional worm screw provides a self-
locking gear. This is fulfils F02 without any additional construction.
For the selection of the actuators, the resistance against environmental influences is
an important criteria. The selected Max Jac drives from Thomson (see appendix 6)
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providing a protection class IP66. Following the specification they withstand any ex-
pectable pollution and humidity at the intended working site in Lima. The housing is
hard coat anodized to assure a high resistance to corrosion.
The actuator can handle electric power supplies offering 12 as well as 24V DC. The
infrastructure of the telescope provides this, so this complies with the requirement
F23. For the control the selected actuators provide a position feedback signal from an
integrated encoder.
Drive for the rotary motion
The rotatory motion is realized subsequent to the delta mechanism by an independent
rotation unit. A rack mounted upon the delta–actuated ring encases the feed–adapter.
The rotary drive is located on top of the frame followed by an axial bearing. This is
required to meet the expected high axial load due to the weight of the antenna feed.
To compensate the induced force and avoid stress to the motor, the axial bearing has
to support the whole antenna feed.
















Figure 5.8: Limb i of the delta mechanism mounted to the tripod – adapted from
[JT03]
Figure 5.8 shows limb i of the 3–UPU–mechanism. The coordinate system A with
xAyAzA is dedicated to the base frame fixed to the tripod and pinned to point O.
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The moving platform is located below and handled by the coordinate system B with
uBvBwB. The calculation of the inverse kinematics is related to the reference point
P on the moving platform. Limb i is linked via Ai to the base frame and Bi to the
moving platform. The points Ai for i = 1, 2, 3 lie on the x− z–plane in a distance of ra
from point O and accordingly Bi with the u−w plane and the distance rb from point
P . Coordinate system B is positioned such that the axes u and w are parallel to x and
z in A. The orientation of the moving platform in relation to the base frame always
remains constant. So the vector Bbi in coordinate system B is equal to
Abi in A. [JT03]











The length qi of the limb and generalized coordinate for the linear actuator points
along si and can be expressed by the vector-loop
qi = qisi = p+ bi − ai. (5.8)
The two constant vectors bi and ai can be merged to the constant ei = ai − bi.
Squaring equation (5.8) delivers
q2i = [p− ei]⊤ [p− ei] . (5.9)
This has the two solutions
qi = ±
√
(px − eix)2 + p2y + (pz − eiz)2 (5.10)
whereof the negative solution can be discarded because of the impossibility of such a
length of a limb. The inverse kinematics can be expressed by equation (5.10). It is
possible to calculate the stroke of each linear actuator for the position vector p and so
for the location of the moving platform. [JT03]
Implementation for the present actuation system
To apply equation (5.10) to the actual actuation system, the vector ei requires the
knowledge about the geometry of the assembly. Regarding this, the assembly shown in
































Figure 5.9: Orientation of the UPU-mechanism in terms of (xyz)-coordinates
So, with figure 5.9 and the measurement of the vectors ai and bi in the model in









With the knowledge of the geometry-matrix E, the required stroke of the linear ac-
tuators can be determined. The required minimum working space is set by table 5.1.
Thus the equation (5.10) can be used to determine the minimum stroke for the drives.
The reference point P with its coordinates px, py and pz has to perform the displace-
ment derived as the offset from section 4.3. For any maximum value of yoff or xoff
(z is neglected) none of the qi extends 150mm. So, for the chosen linear actors from
Thomson the model with 150mm can be selected.
CHAPTER 6
Conclusion and prospect
This work has shown a possibility to estimate the homologous reflector deformation
of the INRAS RT–20 due to its own weight. Based on this, a recommendation for an
actuation system to refocus the primary antenna is presented.
Based on an existing line model, a structural model of the reflector backing structure
for a finite-element simulation in ANSYS has been developed. For the simulation of the
reflector deformation due to its own weight a load case was generated. This scenario
was simulated for changing elevation angles. The result of the simulation consists of
position vectors of the points representing the reflector surface. For reproducibility
and fast execution this process was automatized in APDL–scripts. The scripts run the
simulations automatically while printing the results into text-files.
For the deformed reflector surface, a mathematical description was derived. Several
optimization methods are implemented in MatLab to determine fitting-curves for the
point clouds produced by the simulation. The results and methods were compared and
evaluated regarding the residual RMS–error of the surface fittings. With the math-
ematical description of the deformed reflector the position of the new focal point is
determined. The output is compared with the expectations arised from the homologous
design. With this a potential corrective movement of the primary antenna was derived.
For the construction of an actuation system to refocus the telescope several technical
concepts to adjust the primary antenna were discussed. The ideas of the VDI2221–
norm supported the methods of the development process and the assessment. One
suitable technical solution was elected and explored in more detail to provide a pre-
liminary design and a prototype as a CAD–model.
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There are several programs, scripts and digital models attending this thesis:
❼ ANSYS APDL–scripts to convert the line model of the RT–20 into a well-defined
structural model for a finite–element analysis
❼ ANSYS APDL–scripts to create load cases for the simulation of the dead-weight-
deformation of the telescope in different elevation angles
❼ MatLab–scripts to find the parameters for a best-fitting paraboloid in a point
cloud provided by ANSYS output-files
❼ Look-Up-Tables for the dead-weight deformation
❼ SolidWorks-CAD-assemblies and components for the actuation system
❼ corresponding data sheets for purchased parts
This work estimates the deformations due to gravity in different elevation angles. There
are influences by temperature and wind loads as well. These are discussed in chapter
2.1 but not further examined. For a full analysis, a future work has to implement this
simulations in ANSYS.
The INRAS RT–20 radio telescope is under construction. The reflector surface could
not be implemented in the model of the simulation. Therefore in section 4.1.1 several
assumptions and approximations have been made to allow further investigations. Re-
garding to this, there is a residual but small error in the fitting–algorithm.
The knowledge about the deformations of the reflector surface and the misalignment
between the focal point and the primary antenna were determined theoretically. Today
it is not possible to prove the predictions of this work at reality. Not before the telescope
goes into operation, the results can be verified by measurements.
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Look up tables for the dead weight deformation
Look-up table of the solution by the Backslash-Operator
elevation u v w φx φz h Df xoff yoff RMSE
◦ mm mm mm ◦ ◦ 1 mm mm mm mm
10 0.00000 −0.48992 0.00000 0.00011 0.01171 −0.00607 44.31951 −3.89496 43.33803 2.0496E − 05
15 0.00000 −0.48067 0.00000 0.00009 0.01150 −0.00606 44.23870 −3.84598 43.22962 2.0389E − 05
20 0.00000 −0.47165 0.00000 0.00008 0.01120 −0.00605 44.15972 −3.76770 43.12687 2.0170E − 05
25 0.00000 −0.46292 0.00000 0.00007 0.01081 −0.00604 44.08322 −3.66073 43.03055 1.9843E − 05
30 0.00000 −0.45456 0.00000 0.00005 0.01035 −0.00603 44.00975 −3.52593 42.94140 1.9410E − 05
35 0.00000 −0.44662 0.00000 0.00004 0.00980 −0.00602 43.93987 −3.36425 42.86007 1.8876E − 05
40 0.00000 −0.43917 0.00000 0.00002 0.00918 −0.00601 43.87416 −3.17702 42.78725 1.8247E − 05
45 0.00000 −0.43226 0.00000 0.00000 0.00849 −0.00600 43.81304 −2.96554 42.72342 1.7531E − 05
50 0.00000 −0.42595 0.00000 −0.00001 0.00773 −0.00599 43.75704 −2.73157 42.66910 1.6740E − 05
55 0.00000 −0.42028 0.00000 −0.00003 0.00692 −0.00598 43.70657 −2.47684 42.62472 1.5886E − 05
60 0.00000 −0.41530 0.00000 −0.00004 0.00605 −0.00598 43.66200 −2.20313 42.59057 1.4985E − 05
65 0.00000 −0.41104 0.00000 −0.00006 0.00514 −0.00597 43.62368 −1.91279 42.56694 1.4057E − 05
70 0.00000 −0.40754 0.00000 −0.00007 0.00419 −0.00597 43.59189 −1.60779 42.55400 1.3127E − 05
75 0.00000 −0.40483 0.00000 −0.00009 0.00321 −0.00597 43.56687 −1.29058 42.55185 1.2223E − 05
80 0.00000 −0.40292 0.00000 −0.00010 0.00220 −0.00596 43.54884 −0.96356 42.56052 1.1383E − 05
85 0.00000 −0.40182 0.00000 −0.00011 0.00117 −0.00596 43.53790 −0.62920 42.57991 1.0647E − 05









Look-up table of the solution by the normal equations
elevation u v w φx φz h Df xoff yoff RMSE
◦ mm mm mm ◦ ◦ 1 mm mm mm mm
10 0,01401 -0,48992 -0,00013 0,00011 0,01166 -0,00607 44,31951 -3,87395 43,33803 2,0496E-05
15 0,01376 -0,48067 -0,00011 0,00009 0,01144 -0,00606 44,23870 -3,82534 43,22962 2,0389E-05
20 0,01340 -0,47165 -0,00010 0,00008 0,01115 -0,00605 44,15972 -3,74760 43,12687 2,0170E-05
25 0,01294 -0,46292 -0,00008 0,00006 0,01076 -0,00604 44,08322 -3,64133 43,03055 1,9843E-05
30 0,01238 -0,45456 -0,00006 0,00005 0,01030 -0,00603 44,00975 -3,50736 42,94140 1,9410E-05
35 0,01172 -0,44662 -0,00004 0,00003 0,00975 -0,00602 43,93987 -3,34666 42,86008 1,8876E-05
40 0,01098 -0,43917 -0,00002 0,00002 0,00914 -0,00601 43,87416 -3,16055 42,78726 1,8247E-05
45 0,01016 -0,43226 0,00000 0,00000 0,00845 -0,00600 43,81304 -2,95030 42,72342 1,7531E-05
50 0,00925 -0,42595 0,00001 -0,00001 0,00770 -0,00599 43,75704 -2,71769 42,66910 1,6740E-05
55 0,00828 -0,42028 0,00003 -0,00003 0,00689 -0,00598 43,70657 -2,46442 42,62472 1,5886E-05
60 0,00724 -0,41530 0,00005 -0,00004 0,00603 -0,00598 43,66200 -2,19227 42,59057 1,4985E-05
65 0,00615 -0,41104 0,00007 -0,00006 0,00512 -0,00597 43,62368 -1,90357 42,56694 1,4057E-05
70 0,00501 -0,40754 0,00009 -0,00007 0,00417 -0,00597 43,59189 -1,60027 42,55400 1,3127E-05
75 0,00384 -0,40483 0,00010 -0,00009 0,00319 -0,00597 43,56687 -1,28483 42,55185 1,2223E-05
80 0,00263 -0,40292 0,00012 -0,00010 0,00219 -0,00596 43,54884 -0,95962 42,56052 1,1383E-05
85 0,00140 -0,40182 0,00014 -0,00011 0,00117 -0,00596 43,53790 -0,62709 42,57991 1,0647E-05









Look-up table of the solution by the cftool
elevation u v w φx φz h Df xoff yoff RMSE
◦ mm mm mm ◦ ◦ 1 mm mm mm mm
10 0,01417 -0,48992 -0,00013 0,00011 0,01165 -0,00607 44,31951 -3,87371 43,33803 3,4791E-04
15 0,01414 -0,48067 -0,00010 0,00009 0,01144 -0,00606 44,23870 -3,82476 43,22962 3,4609E-04
20 0,01311 -0,47165 -0,00010 0,00008 0,01115 -0,00605 44,15972 -3,74804 43,12687 3,4238E-04
25 0,01280 -0,46292 -0,00009 0,00006 0,01076 -0,00604 44,08322 -3,64153 43,03055 3,3683E-04
30 0,01253 -0,45456 -0,00006 0,00005 0,01030 -0,00603 44,00975 -3,50713 42,94140 3,2948E-04
35 0,01191 -0,44662 -0,00004 0,00003 0,00975 -0,00602 43,93987 -3,34639 42,86008 3,2041E-04
40 0,01119 -0,43917 -0,00002 0,00002 0,00914 -0,00601 43,87416 -3,16023 42,78726 3,0973E-04
45 0,01006 -0,43226 0,00000 0,00000 0,00845 -0,00600 43,81304 -2,95044 42,72342 2,9758E-04
50 0,00913 -0,42595 0,00002 -0,00001 0,00770 -0,00599 43,75704 -2,71787 42,66910 2,8415E-04
55 0,00827 -0,42028 0,00003 -0,00003 0,00689 -0,00598 43,70657 -2,46443 42,62472 2,6965E-04
60 0,00747 -0,41530 0,00005 -0,00004 0,00602 -0,00598 43,66200 -2,19193 42,59057 2,5436E-04
65 0,00615 -0,41104 0,00008 -0,00006 0,00512 -0,00597 43,62368 -1,90357 42,56694 2,3862E-04
70 0,00506 -0,40754 0,00009 -0,00007 0,00417 -0,00597 43,59189 -1,60021 42,55400 2,2282E-04
75 0,00388 -0,40483 0,00010 -0,00009 0,00319 -0,00597 43,56687 -1,28477 42,55185 2,0748E-04
80 0,00278 -0,40292 0,00012 -0,00010 0,00219 -0,00596 43,54884 -0,95939 42,56052 1,9321E-04
85 0,00145 -0,40182 0,00013 -0,00011 0,00117 -0,00596 43,53790 -0,62702 42,57991 1,8073E-04
90 0,00021 -0,40156 0,00014 -0,00012 0,00014 -0,00596 43,53416 -0,28974 42,60990 1,7084E-04
Appendix XXI
Data sheet - Linear actor
Appendix XXII
